Much of the phenotype of a microorganism consists of its repertoire of metabolisms and how and when its proteins are deployed under different growth conditions. Hence, analyses of protein expression could provide important understanding of how bacteria adapt to different environmental settings. To characterize the flexibility of proteomes of marine bacteria, we investigated protein profiles of three important marine bacterial lineages -Oceanospirillaceae (Neptuniibacter caesariensis strain MED92), Roseobacter (Phaeobacter sp. MED193) and Flavobacteria (Dokdonia sp. MED134) -during transition from exponential to stationary phase. As much as 59-80% of each species' total proteome was expressed. Moreover, all three bacteria profoundly altered their expressed proteomes during growth phase transition, from a dominance of proteins involved in translation to more diverse proteomes, with a striking appearance of enzymes involved in different nutrient-scavenging metabolisms. Whereas the three bacteria shared several overarching metabolic strategies, they differed in important details, including distinct expression patterns of membrane transporters and proteins in carbon and phosphorous metabolism and storage compounds. These differences can be seen as signature metabolisms -metabolisms specific for lineages. These findings suggest that quantitative proteomics can inform about the divergent ecological strategies of marine bacteria in adapting to changes in environmental conditions.
Introduction
Bacteria are important members of food webs in natural environments, with photosynthetic Cyanobacteria being important primary producers and heterotrophic bacteria assimilating and remineralising dissolved organic matter. Biogeochemical cycling of carbon is determined through successions of communities of heterotrophic bacteria, in particular in coastal waters and upwelling areas where primary production is strongly controlled by seasonal and episodic changes in nutrient concentrations and physical factors such as temperature and light (Arrigo, 2005; Karl, 2007; Fuhrman et al., 2015; Bunse and Pinhassi, 2017) . To successfully compete under conditions of episodically varying resource availability, many marine bacteria have evolved mechanisms to enable shifting between periods of growth and active cell division during high resource availability, and periods of endurance under resource-limited conditions (Gade et al., 2005; Lindh et al., 2015) .
Physiologically, shifting between growth phases involves a wide range of adaptations (Siegele and Kolter, 1992; Ishihama, 1997) . The molecular details of adaptation strategies have been the focus of much interest, particularly in model organisms like Escherichia coli and Bacillus subtilis (Lange and Hengge-Aronis, 1991; Phillips and Strauch, 2002; Bernhardt et al., 2003) . These studies show that transition from exponential growth to stationary phase typically involves a shift from expression of proteins related to cell growth, cell division and protein biosynthesis (Eymann et al., 2004; Folio et al., 2004) to proteins needed to scavenge nutrients and to effectively compete with other populations (Strauch, 1993) . In E. coli, proteins related to energy metabolism, phosphotransferase and transport binding proteins are down-regulated during stationary phase compared with exponential phase growth (Yoon et al., 2003) , whereas in B. subtilis, proteins with functions in nutrient scavenging processes, proteases and extracellular enzymes become relatively more abundant during stationary phase (Phillips and Strauch, 2002) . This model organism research suggests that responses to changes in resource availability differ between species. Thus, comprehensive understanding of growth dynamics in natural communities and the importance of individual bacterial populations in resource utilisation requires study of the molecular biology of isolates from natural environments.
The best studied bacteria from marine environments to date are two ecologically distinct lineages of Alphaproteobacteria: the Roseobacter and SAR11 clades. In terms of lifestyle, members of the two clades display contrasting characteristics, in particular in how they respond to shifts in resource availability. In Roseobacter clade members, adjustments to stationary phase involve increased abundance of stress response proteins, membrane transporters and flagellar motility proteins, similar to how traditional model bacteria respond (Christie-Oleza et al., 2012a,b) . In contrast, Candidatus Pelagibacter ubique, a member of the SAR11 clade, lacks the global stationary phase sigma factor (rs) that is part of the stationary phase response in most other model bacteria studied so far, and the abundance of a majority of the expressed proteins (92%) in this oligotroph remains stable upon entry into stationary phase (Sowell et al., 2008) .
With the exception of the above-mentioned examples, little is known about the variability in proteome responses to shifts in growth phase among distinct bacterial taxa. We sought to address this lack of understanding by investigating proteome profiles of three different heterotrophic bacteria during transition from exponential growth to stationary phase. Each bacterium represented a major lineage of marine bacteria: Neptuniibacter caesariensis strain MED92 (Gammaproteobacteria, Oceanospirillaceae; 'Neptuniibacter' from here on), Phaeobacter sp. strain MED193 (Alphaproteobacteria, member of the Roseobacter clade; 'Phaeobacter') and Dokdonia sp. strain MED134 (Bacteroidetes, Flavobacteriaceae; 'Dokdonia'). All three qualify as moderate copiotrophs, but, judging by their gene complement, they harbour different adaptations serving as response mechanisms to nutrient scarcity. More specifically, their genomes encode different metabolic pathways for resource utilisation; pathways that can be thought of as 'signature metabolisms' for individual taxa in natural environments. In this work, we apply recently developed, highly sensitive, high-throughput proteomics to study evolved metabolic strategies and the role of signature metabolisms in growth phase transition in three marine bacterial isolates.
Results

Growth characteristics
Neptuniibacter grew faster than the other two isolates with a l max of 1.0 h 21 but reached a lower maximum optical density (OD 600 5 0.72; after 8 h incubation) (Fig. 1 ). For Phaeobacter, l max was 0.4 h 21 and it reached a maximum optical density of OD 600 5 1.26 (22 h incubation). Growth of Dokdonia was similar to Phaeobacter with a l max of 0.6 h
21
, reaching a maximum optical density OD 600 5 1.24 (24 h incubation).
Overview of proteomes in the three marine bacteria
Quantitative proteomics data from samples collected in exponential phase and stationary phase ( Fig. 1) were obtained using high-throughput Nano LC-MS/MS (Supporting Information Tables S1 and S2 ). Overall, 59-80% of proteins encoded in the genomes were detected, with the highest proportion in Dokdonia (Table 1) . Of the detected proteins, 18-39% changed significantly in relative abundance upon transition into stationary phase. Neptuniibacter and Phaeobacter had higher proportions of differentially expressed proteins (39% and 36%, respectively) than Dokdonia (19%).
To facilitate comparisons between the species, the detected proteins were classified into the SEED hierarchical classification system (Overbeek et al., 2005) (Supporting Information Table S3 ). Comparison of expression patterns between SEED classes showed that the proteomes of all three isolates changed substantially during the transition from exponential growth into stationary phase, but to different extents ( Fig. 2 and Supporting Information Table S4 ). The strongest response was found in Neptuniibacter followed by Phaeobacter, while Dokdonia displayed a markedly smaller response ( Fig. 2 and Supporting Information Table S4 ). In all three bacteria, Protein metabolism and RNA metabolism decreased, while the relative abundance of several functional categories increased, e.g. Carbohydrates; Membrane transport; Amino acids and derivatives; Fatty acids, lipids and isoprenoids; Metabolism of aromatic compounds; Phosphorus metabolism. The Virulence, disease and defence category increased in abundance in both Phaeobacter and Neptuniibacter whereas the Motility and chemotaxis and Dormancy and sporulation categories increased only in Neptuniibacter. Sulfur metabolism and Iron acquisition increased only in Phaeobacter.
Protein metabolism
Although Protein metabolism was the most abundant top level SEED category in all three isolates in both exponential and stationary phase, its relative abundance decreased in all isolates during transition into stationary phase (271%, 242% and 248% for Neptuniibacter, Phaeobacter and Dokdonia, respectively; Fig. 2 and Supporting Information Table S4 ). The largest part of Protein metabolism was made up of Protein biosynthesis, totalling a few percent to several tens of percents of the proteomes (Supporting Information Tables S5 and S6) . Notably, ribosomal proteins and other translation-related proteins dominated the lists of the top 50 most abundant in exponential phase but were virtually absent from the corresponding lists in stationary phase (Fig. 3) .
Membrane transport
Proteins in the Membrane transport SEED category occupied a fairly large proportion of the proteomes in both phases for all three isolates (single digit percentages up to 10%; Fig. 2 and Supporting Information Table S4 ). To investigate in further detail the response of transporters to growth phase progression, we annotated transport proteins using the hierarchical transport classification database (TCDB) system (Saier et al., 2006; Akram, 2013) . This allowed the classification of threefold more transporters in Neptuniibacter and twofold more in Phaeobacter and Dokdonia (Table 2 ). The abundance of transporter proteins classified in TCDB ranged from around 12% in exponential phase for all three isolates, to 18% in Neptuniibacter and 14% in Phaeobacter and Dokdonia in stationary phase (Supporting Information Table  S7 ). Around 70 proteins in the SEED Membrane transport category were not found in the TCDB classification.
Neptuniibacter displayed the most profound remodelling of the membrane transporter repertoire, with TC-classified membrane transporters increasing 50% (Table 2 and  Supporting Information Table S7 ). Importantly, a nearly threefold increase was observed in Electrochemical potential-driven transporters and a 30% increase of Channels/pores (Fig. 4 , Table 2 and Supporting Information  Tables S7 and S10 ). Phaeobacter transporter expression also responded distinctively to growth phase transition (transporters totally increasing 20%), with Electrochemical potential-driven transporters, Primary active transporters and Transmembrane electron carriers increasing 30-50% (Fig. 4 , Table 2 and Supporting Information Tables S7 and S10 ). Channels/pores dominated the relatively stable Dokdonia transporter proteome (Fig.  4 , Table 2 and Supporting Information Tables S7 and S10) where none of the individual classes responded more than 20% and TC-classified transporters as a whole increased a mere 10% from exponential to stationary phase.
The most diverse transporter family in all three isolates was the ATP-binding cassette (ABC) with 161, 264 and 46 proteins encoded in the Neptuniibacter, Phaeobacter and Dokdonia genomes, respectively, most of which were also detected as expressed proteins (Supporting Information  Table S9 ). In the two Proteobacteria, this was the transporter family that responded strongest to growth-phase transition, together with the Tripartite ATP-dependent periplasmic transporter (TRAP) family (ABC transporters increased more than twofold and 1.5-fold in Neptuniibacter and Phaeobacter, respectively, whereas TRAP increased almost fivefold and 1.5-fold, respectively; Fig. 4 and Supporting Information Table S9 ). In Dokdonia, all genomically encoded ABC transporters except one were detected, but abundances were low and only one changed significantly (Supporting Information Table S10 ). Among passive transporters, the General bacterial porin (GBP) family was clearly the most abundant family in both Proteobacteria, reaching 2-4% and around 5% in Neptuniibacter and Phaeobacter, respectively, but most of these proteins remained stable (Fig. 4 and Supporting Information Table  S9 ). In Dokdonia, TonB-dependent transporters were important with 24 out of 25 proteins detected, reaching 2-3% abundance (Supporting Information Table S9 ). The family increased 10% in abundance, but only five proteins changed significantly in abundance, two up, three down (Supporting Information Table S10 ).
Carbohydrate metabolism and related metabolisms
Carbohydrate metabolism was one of the most abundant SEED categories, constituting 10-20% of the proteomes, and it increased around 1.5-fold from exponential to stationary phase in all three isolates ( Fig. 2 Table S5 ). Whereas this was generally true for all three isolates, the magnitude of responses differed substantially between subcategories and the three species (from 1.2-fold to fourfold). Furthermore, the differences in metabolism between the three isolates were reflected by distinct patterns at the level of individual proteins. All important steps in glycolysis were detected in all three isolates (Fig. 5) . In Neptuniibacter several glycolysis (the Embden-Meyerhoff-Parnas pathway; EMP) enzymes increased significantly during transition into stationary phase ( Fig. 5 and Supporting Information Table S3 ). In Phaeobacter, we detected the complete Entner-Doudoroff (ED) glycolysis pathway at stable levels except the enzymes phosphogluconolactonase and phosphoglycerate mutase (Supporting Information Table S3 ). Also in Dokdonia the glycolysis enzymes (EMP) remained largely unchanged during entry into stationary phase ( Fig. 5 and Supporting Information Table S3 ).
Both Neptuniibacter and Phaeobacter exhibited striking increases in abundances of proteins in the first half of the TCA cycle during transition into stationary phase (between 1.2-fold and 2.3-fold) leading to synthesis of 2-oxoglutarate, a key metabolite in regulation of carbon and nitrogen metabolism (Commichau et al., 2006; Huergo and Dixon, 2015) (Fig. 5 and Supporting Information Table S3 ). The increase in abundance of the first half of the TCA cycle was accompanied by several proteins in the second half decreasing in both Neptuniibacter and Phaeobacter. In Dokdonia, no enzymes in the TCA cycle were significantly differentially abundant between growth phases.
In Neptuniibacter, isocitrate lyase and malate synthase, the enzymes in the glyoxylate shunt -a bypass of the downstream steps from isocitrate, generally utilized for subsistence on acetate and other low molecular weight carbon compounds -increased around twofold ( Fig. 5 and Supporting Information Table S3 ). This was accompanied by a 2.6-fold increase in stationary phase of phosphoenolpyruvate (PEP) carboxylase -a key anaplerotic CO 2 -fixation enzyme involved in replenishment of TCA cycle intermediates ( Fig. 5 and Supporting Information Table  S3 ). Moreover, in stationary phase three proteins involved in C 2 -compound metabolism via acetyl-CoA increased significantly and reached abundances of up to a few percent, with highest values for b-ketothiolase ( Fig. 5 and Supporting Information Table S3 ). Interestingly, several acetyltransferases (4 and 6 in Neptuniibacter and Phaeobacter, respectively) involved in acetyl-CoA synthesis from ethanol and pyruvate increased during transition into stationary phase (Fig. 5 and Supporting Information Table  S3 ), potentially indicating utilisation of metabolites Number of encoded transporters in genome ('Enc.'), proteins detected in our experiments ('Det.'), significantly more and less abundant proteins in stationary compared with exponential phase ('Up' and 'Down', respectively) and total abundance fold changes between stationary and exponential ('FC %'). The fold change was based on approximate relative abundances for each class and was rounded to single digit precision, reflecting the approximate nature of the abundances. Transporters identified in TCDB. Colour codings same as in Fig. 4 . released into the medium during exponential phase. In addition to the acetyl-CoA acetyltransferases, significant increases were also detected in two key enzymes involved in polyhydroxybutyrate (PHB) synthesis: acetoacetyl-CoA reductase and polyhydroxyalkanoic acid synthase (twofold-threefold; Fig. 5 and Supporting Information Table S3 ).
Phaeobacter does not encode the key glyoxylate shunt enzyme isocitrate lyase. However, we detected enzymes in the ethylmalonyl-CoA pathway -a pathway recognized as an alternative to the glyoxylate shunt (Erb et al., 2007) . The carboxylating enzyme -crotonyl-CoA reductasedecreased almost twofold, whereas the other enzymes of the pathway were recorded at stable relative abundances between growth phases (Fig. 5 ; Supporting Information Table S3 ). Instead, seven components of carbon monoxide dehydrogenase increased significantly during transition into stationary phase (twofold-sixfold; Supporting Information Table S3 ); none of these proteins are encoded by the genomes of the other two strains. Similar to Neptuniibacter, significant increases were found for the two key enzymes in PHB synthesis: acetoacetyl-CoA reductase and polyhydroxyalkanoic acid synthase (twofold; Fig. 5 and Supporting Information Table S3 ). Moreover, we detected expression of all potential phasins -proteins associated with polyhydroxyalkanoates like PHB (P€ otter and Steinb€ uchel, 2005) -we could find encoded in the genomes of in Neptuniibacter (three proteins) and Phaeobacter (one protein). In Neptuniibacter, one of the four (Q2BIR2; misannotated as a flavodoxin) was 1.7-fold more abundant in stationary phase than in exponential phase in Neptuniibacter.
In Dokdonia, the glyoxylate shunt protein isocitrate lyase decreased significantly in abundance in stationary phase (2.5-fold; Fig. 5 and Supporting Information Table S3 ). Although the genome encodes also the other required enzyme of the glyoxylate shunt -malate synthase -its expression was not detected. In this isolate we detected no other signs of increases of proteins involved in subsistence on C 2 -compounds. Instead, five proteins significantly increased in each of the second level SEED categories Polysaccharides and Monosaccharides, compared with no decreasing proteins in Monosaccharides and only two decreasing in Polysaccharides (Supporting Information  Table S3 ). Interestingly, both categories reached higher relative abundance (1% and 2% for Monosaccharides and Polysaccharides, respectively) in stationary phase in Dokdonia than they did in either of the other two strains (<0.6%, Supporting Information Table S5 ). The Polysaccharide category increase was mostly due to enzymes involved in glycogen synthesis (Supporting Information  Table S3 ). Accordingly, the genes encoding the three enzymes required in synthesis (EC 2.7.7.27) and polymerisation (EC 2.4.1.21) of ADP-glucose, and branching the polymer into glycogen (EC 2.4.1.18) significantly increased during transition into stationary phase (Fig. 5 and Supporting Information Table S3 ). No proteins involved in glycogen synthesis are encoded by the two proteobacteria. The increase in the Monosaccharide category was mostly due to enzymes in ribose synthesis through the pentose phosphate pathway (PPP) (Fig. 5 ). In particular, nearly a doubling of the decarboxylating enzyme was detected. The induction of PPP was not accompanied by any signs of increase in nucleotide synthesis. Instead, the pentose phosphate enzyme transaldolase (EC 2.2.1.2) -catalysing the equilibrium reaction at the entry point to glycolysis for pentose utilisation -increased significantly (Fig. 5) .
Six out of eight detected ATP synthase components significantly decreased (roughly twofold) in Dokdonia during transition into stationary phase (Supporting Information  Tables S3 and S5 ). Also in Neptuniibacter and Phaeobacter several ATP synthase components decreased, but only few significantly (one in Neptuniibacter and two in Phaeobacter) (Supporting Information table S3). In Neptuniibacter an ATP synthase protein annotated as V-type in SEED increased; this protein is involved in ATP-dependent pumping of protons rather than ATP synthesis.
Phosphorus and nitrogen metabolisms
Proteins involved in phosphorus metabolism were detected in high relative abundances in all three isolates in both growth phases (Fig. 6 ), indicating that phosphorous was a proximate limiting nutrient in the Marine Broth medium. Phosphorus metabolism as a category increased substantially during transition into stationary phase in Neptuniibacter (ninefold) but also in Phaeobacter and Dokdonia (threefold and twofold, respectively) (Supporting Information Table  S4 ). In Neptuniibacter, the majority of proteins classified in Phosphorus metabolism and found more abundant in stationary phase were transporters or regulatory proteins. The exceptions, a polyphosphate kinase (Q2BPY6), phosphonoacetate hydrolase (PhnA, Q2BKT5 and Q2BJK1), an ATPase (PhoH, Q2BR22) and PhnN (Q2BGJ4), a PPP enzyme, were present in relatively low abundances (<0.1%) (Supporting Information Table S1 ). The periplasmic phosphate-binding protein of the phosphate ABC transporter increased fourfold in Neptuniibacter and was the most abundant phosphorus-associated protein in the category (3-20%; accession Q2BQM3). Proteins with the same annotation were the most abundant Phosphorus Metabolism proteins in Phaeobacter too, reaching 3% abundance with a fourfold increase (Supporting Information Table S3 ). Besides transporters and regulatory proteins, the most abundant, significantly increasing phosphorus-related proteins in Phaeobacter were a transporter (PhnK, 0.3%) plus several enzymes involved in methylphosphonate utilisation. Phaeobacter is the only of the three isolates that encodes the pathway for utilisation of methylphosphonate (accessions A3X3K4, A3X3K9, A3X3L1-5 and A3X5V2). All proteins in the pathway were detected and increased significantly during transition into stationary phase (2.8-fold or more; Supporting Information Table S3 ). The PhnM component (A3X3K4) reached 0.1% abundance. PhnA, phosphonoacetate hydrolase, was detected but did not significantly change in abundance. In Dokdonia the most abundant phosphorus-related proteins increasing in stationary phase were not transporters but three alkaline phosphatases (twofold-threefold increase; 0.07-0.3%; A2TPT0, A2TSH8, A2TTV2; Supporting Information Table  S3 ). In the two Proteobacteria, only putative alkaline phosphatases are encoded; none of them significantly changed in abundance during transition into stationary phase. Transporters, regulatory proteins and PhnA were detected also in Dokdonia but at low abundances and with a single exception (A2TTJ2) not significantly changing between growth phases. Phaeobacter and Dokdonia encode phospholipase C (PlcP), an enzyme involved in remodelling membrane lipids in response to phosphorus starvation (Sebasti an et al., 2016) . Both were detected (A3X3R3 and A2TUJ0, respectively, for Phaeobacter and Dokdonia); the Phaeobacter protein increased fivefold and the Dokdonia protein 2.6-fold. We were not able to identify the plcP gene in the Neptuniibacter genome.
In contrast to phosphorus metabolism, proteins involved in nitrogen metabolism did not, in any of the three isolates, reach nearly the same relative abundances as phosphorus metabolism proteins (<0.5%) and most nitrogen metabolism-related proteins remained stable across growth phases (Supporting Information Table S3 ).
Other metabolisms
In all three isolates the relative abundance of the top level SEED category Amino acids and derivatives increased during transition into stationary phase (Fig. 2 and Supporting Information Table S4 ). In Phaeobacter and Dokdonia, this category contained a higher number of proteins significantly increasing (85 and 30 proteins, respectively) than decreasing (33 and 9) in relative abundance during transition into stationary phase, while almost equal numbers increased as decreased in Neptuniibacter (67 up, 68 down) (Fig. 2 and Supporting Information Table S4 ). In Neptuniibacter and Phaeobacter, some of the most abundant proteins significantly more expressed in stationary phase were amino acid ABC transporters (reaching up to 0.5% of the proteomes). Several of the ABC transporters that increased during growth phase transition were found in the Arginine; urea cycle, polyamines SEED2 category (3 in Neptuniibacter and 8 in Phaeobacter). Moreover, several enzymes involved in amino acid degradation decreased significantly (33 in Neptuniibacter, 55 in Phaeobacter and 6 in Dokdonia). Leucine dehydrogenase in Neptuniibacter was abundant, reaching 1% of the total proteome (Supporting Information Table S3 ). In Dokdonia, proteins in amino acid metabolism that responded to growth phase transition all had very low relative abundances (<0.3%; Supporting Information Table S3 ).
In addition, in Neptuniibacter, the expression of almost 30 proteins involved in flagellar motility increased significantly upon entry into stationary phase (Supporting Information Tables S3 and S5 ). In Dokdonia, catalaseperoxidase increased fourfold and reached relative abundances of roughly one percent of the entire proteome in stationary phase (Supporting Information Table S3 ). Finally, in Neptuniibacter, two proteins associated with dormancy through persister cells increased substantially during transition into stationary phase: a cell division inhibitor that nearly doubled and a ribosome modulation factor (sevenfold increase) (Supporting Information Table S3 ).
Uncharacterized proteins
In all three isolates, we detected a large number of proteins that were not classified in SEED, including several that responded significantly to growth phase change, mostly by increasing during transition into stationary phase (Supporting Information Table S4 ). Intriguingly, the isolate with the smallest genome of the three studied bacteria, Dokdonia, had the largest number of non-SEED classified proteins (724 out of 2489 detected proteins, 29% of the proteome, compared with 18% and 15%, respectively, for Neptuniibacter and Phaeobacter; data not shown). Moreover, more than 70% of the non-SEED classified proteins were products of putative open reading frames in all three species. The uncharacterized proteins, both in their respective genome annotation and in our SEED annotation, summed up to approximately 10% of the abundance of expressed proteomes in stationary phase, while all putative proteins -disregarding their SEED classification and including some with partial annotations -summed to 20-30% of stationary phase proteomes and slightly less in exponential phase.
Discussion
Detection of high proportions of proteomes
Proteomics has developed rapidly from 2D gel electrophoresis with protein spot excision, to the shotgun isoelectricfocusing fractionation followed by nano-LC MS/MS methodology used here (Branca et al., 2013) . At the heart of this development has been an increase in the number of detectable proteins (Hebert et al., 2014; Beck et al., 2015) , especially apparent for membrane proteins and low abundance proteins (Gilmore and Washburn, 2010) . The increase has been so rampant that the detection of such large proportions of proteins we report here may alter the general perception of the dynamics of protein expression in microbes. Earlier studies typically reported proportions below 50%. For example, 1200-1400 proteins were detected in Ruegeria pomeroyi DSS-3 -a member of the same Roseobacter clade as Phaeobacter studied herecorresponding to <50% of the theoretical proteome (Christie-Oleza et al., 2012a,b) . In contrast, we detected between 59% and 80% of the genomically encoded proteins (Table 1) . This suggests that a majority of proteins in marine bacteria, and likely also in bacteria from other environments, are expressed even in an 'environment' as uniform as a rich medium batch culture. Based only on proteomic detection, it is, however, difficult to estimate the physiological relevance of the presence of such large proportions of theoretical proteomes in bacteria with relatively large genomes. One possibility is that proteins at very low abundances are just waiting for turnover, whereas the opposite possibility is that all proteins are present for a selective reason. The truth probably lies somewhere in between, with some detected proteins serving no actual function at the time of detection, while others are performing cellular functions or are present as a result of selection for readiness for upcoming metabolic requirements.
Several functional categories increase at the expense of protein metabolism during transition into stationary phase
The proteome in all three isolates responded profoundly to the transition from exponential to stationary phase (Table  2) . Several important categories increased in abundance, largely at the expense of Protein metabolism, which was the most abundant category (Fig. 3) . In the face of decreasing concentrations of nutrients, the relative role of protein synthesis became less important, and the importance of effective resource utilisation increased. At this level of major categories, the three isolates thus exhibited a shift from the core activities of increase in cell mass and division, expected during exponential growth (Bernhardt et al., 2003; Folio et al., 2004; Cohen et al., 2006) , to proteins involved in effectively scavenging nutrients and a wider array of metabolisms in stationary phase (Bernhardt et al., 1997; Christie-Oleza et al., 2012a,b) . This suggests that proteome rearrangement is a central part of the adaptive strategies of a wide phylogenetic variety of marine heterotrophic bacteria. With the exception of unequivocal oligotrophs -e.g. members of the SAR11 clade -we expect such rearrangements to be typical of many marine heterotrophs.
Extensive remodelling of membrane transporters in the proteobacteria, more stable expression in the flavobacterium
Although the overall proteome responses of the three isolates were broadly similar, in the specifics, there were pronounced differences. This was particularly evident for the membrane transporters and for proteins involved in carbon and energy metabolism. Membrane transporters represent important parts of the dynamic proteome both in proteomic analyses (Sowell et al., 2009; Christie-Oleza et al., 2012a,b) and analyses of transcriptomes (Poretsky et al., 2010; Ottesen et al., 2013) . Moreover, transporters respond to changes in nutrient concentrations and do so in a way that is dependent on the ecological strategy of the organism (Lauro et al., 2009; Teeling et al., 2012) . The extensive remodelling in transporter proteomes of the two proteobacteria (Neptuniibacter and Phaeobacter) took two shapes, with one being an overall increase in abundance of transporters (Table 2) , likely a response to increased competition for nutrients due to depletion during exponential phase growth. The second type of response was significant increases and decreases of specific transporters both between and within transporter superfamilies and families (Table 2 and Fig. 4) . The remodelling suggests that, in addition to the higher general abundance of transporters triggered by nutrient depletion, the bacteria experience a shift in relative concentrations of nutrients, which is countered by modifications in the balance of expressed transporters.
The transporter proteome remodelling was highly species-specific both in terms of which types of transporters were expressed, and in terms of which compounds were transported. In the two proteobacteria the primary active transporters, particularly the ABC transporters and the TRAP transporters, dominated the scene in terms of abundance as well as dynamics in expression. ABC transporters transport a wide variety of substrates, e.g. carbohydrates, amino acids, vitamins, polyamines, oligopeptides, phosphorus and metal compounds (Boos and Eppler, 2001; Sowell et al., 2009; Morris et al., 2010) , whereas TRAP transporters are important transporters of diverse carboxylic acids in many bacteria (Moran et al., 2007; Mulligan et al., 2011) . The increase in TRAP transporters hence suggests a connection to the increase of C 2 / C 3 -compound metabolism in the two proteobacteria.
Overall, the Dokdonia genome encodes fewer transporters than the other two isolates (Gonzalez et al., 2011) , but has a higher number of ion channels than the proteobacteria. In this species, the comparatively stable transporter proteome was consistent with its stable carbon metabolism. Nevertheless, the detection of all except one TonBdependent transport and the fact that the family as a whole reached 2-3% abundance and increased 10% in stationary phase was notable. TonB dependent transporters have been implicated in carbohydrate transport (Schauer et al., 2008; Teeling et al., 2012) and is an important part of the Bacteroidetes transport system (Reeves et al., 1996; 1997; Morris et al., 2010) .
Species-specific, dynamic transporter expression have been observed earlier, in particular in temperate, coastal marine environments (Poretsky et al., 2010; Teeling et al., 2012; and can be hypothesized to be important parts of the metabolic signatures in heterotrophs -together with extracellular or secreted hydrolytic enzymes and general carbon metabolism -and are, therefore, likely key factors in determining bacterial community succession patterns.
Differences in central metabolism
If the dynamics among transporter proteins was expected, the dynamics displayed by central metabolism in the three isolates was more surprising. At least superficially, the proteobacteria (Neptuniibacter and Phaeobacter) were more similar to each other in terms of expression patterns than either of them were to the flavobacterium (Dokdonia). The most striking similarity was an increase of the enzymes in the first half of the TCA cycle during transition into stationary phase -leading to synthesis of 2-oxoglutarate, a key building block in synthesis of certain amino acids (Berg et al., 2012) -while the second half remained stable ( Figs  5 and 6 ). In the details, however, even Neptuniibacter and Phaeobacter differed substantially. During transition into stationary phase we observed, in Neptuniibacter, a pattern suggestive of an organism relying on low molecular weight carbon compounds, specifically C 3 /C 2 compounds like pyruvate, acetate and ethanol. In particular the increase of enzymes in the glyoxylate shunt and PEP carboxylasebypassing decarboxylation in the TCA cycle and induction of anaplerotic carboxylation -indicates an actual or anticipated shortage of carbon for biosynthetic purposes and is in line with the specialisation for subsistence on short carbon compounds exhibited in earlier analyses of this species (Arahal et al., 2007) . Surprisingly, we did not detect a similar increase in the enzymes of the ethylmalonyl-CoA pathway (Erb et al., 2007) in Phaeobacter, nor did we observe an induction of acetyl-CoA synthesis from pyruvate or ethanol (Fig. 6) . In fact, the carboxylating enzyme in the ethylmalonyl-CoA pathwaycrotonyl-CoA reductase -significantly decreased during transition into stationary phase. Instead, we observed a clear increase in several components of carbon monoxide dehydrogenase which has been proposed to be for purely energetic purposes in Roseobacter clade bacteria (Moran et al., 2004; 2007) , although the exact benefit has been questioned (Cunliffe, 2013) . The lack of signs of increase of carboxylating enzymes together with an increase in CO oxidation for energetic purposes, might indicate that Phaeobacter is getting ready for shortage of reduced carbon compounds. By turning to the, for biosynthetic purposes, less valuable CO for energy it could save valuable reduced carbon compounds for biosynthesis. The next response to decreasing concentrations of sufficiently long carbon compounds might be to turn up the ethylmalonyl-CoA pathway for CO 2 fixation and synthesis of longer carbon compounds. Harvest of cells in later stages of stationary phase could potentially provide support for this hypothesis.
Dokdonia showed no signs of being constrained by reduced access to carbohydrates. The key glyoxylate shunt enzyme decreased and PEP carboxylase was stable during transition into stationary phase. Bacteroidetes species, including flavobacteria like Dokdonia, are well known for their capacity to degrade complex carbohydrates by secretion of glycosyl hydrolases (Williams et al., 2013) . We detected several glycosyl hydrolases (eleven), none of which changed significantly in abundance between growth phases (Supporting Information Table S3 ). Unfortunately, however, our proteome extraction protocol did not allow full quantification of secreted enzymes, possibly explaining the lack of significantly different abundances of these enzymes. Other proteins involved in carbohydrates did change in abundance. One of the most conspicuous increases in Dokdonia carbon metabolism were increases in all enzymes involved in ribose synthesis. In particular, the decarboxylating enzyme of the PPP, 6-phosphogluconate dehydrogenase, that turns a hexose into a pentose with loss of CO 2 , increased (1.8-fold; Fig. 5 and Supporting Information Table S3 ). This increase in ribose synthesis is somewhat enigmatic since it was not accompanied by an increase in other parts of nucleotide synthesis.
Based on changes in abundance of enzymes in energy and central carbon metabolism we can thus place the three isolates on a scale of apparent increasing shortageactual or anticipated -of carbohydrates, resulting in various degrees of need to economize on reduced carbon compounds. Dokdonia appeared to have sufficient access to carbohydrates, Phaeobacter displayed no clear signs of shortage of carbohydrates except for an increased reliance on CO as an energy substrate whereas Neptuniibacter appeared to turn to subsistence based primarily on C 2 and C 3 compounds. By and large, much of this is in line with what is known to characterize these organisms. Neptuniibacter has been described as preferentially growing on short carbon molecules but not sugars (Arahal et al., 2007) , Roseobacter clade species, like Phaeobacter, are known to oxidize CO (Moran et al., 2004) while flavobacteria, like Dokdonia, have been noted for their appetite for complex carbohydrates (Williams et al., 2013; Xing et al., 2015) . Our proteomic analyses thus highlights the molecular details of these different responses and exposes potential biochemical explanations for patterns of succession of species in marine environments as a response to decaying phytoplankton blooms (Bunse and Pinhassi, 2017) , especially in temperate, coastal areas.
Storage polymer synthesis
In the context of the above discussed differences in carbon and energy metabolism, it is interesting to note that all three bacteria appeared to devote resources to storage of carbon in polymers during transition into stationary phase. While the overall strategy and purpose appears similar between the three isolates, the details were not. The proteobacteria, Neptuniibacter and Phaeobacter, increased enzymes involved in synthesis of the fatty acid polymer PHB while the flavobacterium displayed indications of increases in glycogen synthesis. In both Neptuniibacter and Phaeobacter, three acetyl-CoA acyltransferases together with acetoacetyl-CoA reductase and polyhydroxyalkanoic acid synthase were found to increase (Supporting Information Table S3 ). While acetyl-CoA acyltransferases are involved in many C 2 processes, both anabolic and catabolic, the induction of both acetoacetylCoA reductase and polyhydroxyalkanoic acid synthase suggests that synthesis of the storage molecule PHB was an important part of change in metabolism in the two proteobacteria. Moreover, three phasins, proteins associated with granules of PHB and related molecules (P€ otter and Steinb€ uchel, 2005) , were detected in Neptuniibacter and one in Phaeobacter.
Our findings of increases in polymer synthesis are in line with earlier evidence of PHB and glycogen synthesis in bacteria growing on acetate and sugars, respectively, during feast and famine growth conditions in bioreactors (Dawes and Senior, 1973; Zevenhuizen, 1981; Carta et al., 2001) . Synthesis of PHB and other polyhydroxyalkanoates (PHA) in natural environments have so far mostly been described in biofilm formation and Cyanobacteria (Rothermich et al., 2000; Dang and Lovell, 2016) . Glycogen synthesis also takes place in some Cyanobacteria during light exposure, followed by its fermentation in the dark (Rothermich et al., 2000) . Given that marine microbes often face resource limitation, our findings suggest that the role of storage polymers in regulating heterotrophic species subsistence and population dynamics needs work. Storage compound synthesis is likely to influence the general kinetics of carbon storage and release also in natural bacterial communities under changing environmental conditions.
Phosphorus metabolism
Because phosphorus is commonly a limiting nutrient in marine environments (Thingstad et al., 1998) , differences in strategies for how to secure this nutrient may be one of the forces behind the dynamics of community composition. All three isolates showed signs of being phosphorus limited, but dealt in different ways with this challenge. In the two proteobacteria, especially Neptuniibacter, the response was mostly visible by increases in ABC transporters and regulatory proteins. In Phaeobacter increases in proteins involved in methylphosphonate utilisation supplemented transporters. Dokdonia did not alter expression of ABC phosphate transporters, instead alkaline phosphatases were the dominating proteins in the response to phosphorus stress during growth phase transition. A different way of reducing the impact of phosphorus limitation is to reduce the use of phosphate by remodelling the membrane lipids (Sebasti an et al., 2016) . The responsible protein, phospholipase C, is encoded by Phaeobacter and Dokdonia, both of which were detected and increased during growth phase transition.
Resource availability triggers organism-specific survival strategies
Exponential growth of heterotrophic microorganisms requires presence of important nutrients such as reduced carbon, bioavailable nitrogen and phosphorus, in sufficient concentrations and adequate proportions (stoichiometry). Accordingly, when any required nutrient becomes scarce enough to limit growth, metabolism slows down, which in batch cultures is ultimately detected as entry into stationary phase. Whereas transitions between growth phases are often readily recognisable in laboratory settings, knowledge about the potential physiological status of bacteria in their natural marine environment based on gene expression analysis is only recently beginning to be uncovered (Ottesen et al., 2014; Satinsky et al., 2014) . In our experiments, the bacteria were grown in marine broth and harvested in exponential phase and in early stationary phase (Fig. 1) . Across the three bacteria, increased expression of proteins associated with phosphorus metabolism was notable upon entry into stationary phase, indicating that depletion of phosphorus was a key trigger of cessation of growth. Although phosphorous limitation was evident in all three bacteria, comparative analysis also uncovered distinct species specific adaptations to stationary phase. This involved for example central carbon metabolism (each isolate appeared to turn up catabolism of their preferred carbon source), proteins involved in storage of carbon compounds, and other signature metabolisms (Fig. 7) . Thus, superimposed on the adaptations to phosphorus limitation were multiple inherent metabolic strategies in each isolate to deal with potentially oncoming shortages. Our results thus show the feasibility of future experiments based on growth in defined media, set to specifically induce for example carbon, nitrogen or phosphorous limitation, to identify the particular triggers of organism-specific metabolic programs with respect to central metabolism compared to more peripheral metabolic processes.
Conclusions
Application of understanding gained from detailed studies of environmentally relevant model organisms is important for the interpretation of natural microbial community data such as nucleotide sequences -metagenomics and metatranscriptomics -or high-throughput proteomic profilesmetaproteomics (Vilanova and Porcar, 2016) . As we show here by comparing the proteomic profiles of three marine bacteria as functions of growth phase transition, this approach has the potential to reveal similarities and differences both at the level of general trophic strategy and at the level of metabolic detail seen as the result of evolutionary contingency. At a very general level, the three isolates responded similarly to transition from exponential into stationary phase, e.g. by increased abundances of enzymes involved in synthesis of storage polymers. In the details, however, the three isolates displayed characteristic patterns in their proteomic profiles in particular with respect to carbon and energy sources, suggesting the induction of signature metabolisms in each isolate (Fig. 7) . The ability of high-throughput proteomics to detect these differences in response between organisms in a qualitative way -by detecting the presence of signature metabolisms -as well as in a quantitative way -by detecting differential expression between conditions -provides important validation for the application of the methodology but also, and more importantly, for interpretation of proteomic data from natural microbial communities.
Materials and methods
Bacterial growth condition
The gammaproteobacterium Neptuniibacter caesariensis strain MED92, alphaproteobacterium Phaeobacter sp. strain MED193 and flavobacterium Dokdonia donghaensis strain MED134 were cultured with peptone (0.5%) and yeast extract (0.1%) containing Bacto Marine Broth (DIFCO 2216; DIFCO, Lawrence, KS, USA) medium. Cultures were grown in 20 ml of marine broth overnight. Hereafter one ml of overnight grown culture was transferred into 300 ml of fresh marine broth medium in triplicates. All the bacterial cultures were incubated on a rotary shaker at 142 rpm at room temperature (228C) and the bacterial growth was measured by monitoring the optical density at 600 nm (OD600) for 34 h. Protein samples were collected at both exponential and stationary phase. Bacterial cells were harvested by centrifugation at 4000 rpm for 20 min at 4 C using Beckman Avanti J-25 (Rotor Beckman JA-14). Cell Pellets were washed three times with 1X phosphate buffered saline (PBS) solution (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 (Sigma Chemical, St. Louis, Mo) and pH 5 7.4). Samples were stored at 280 C until protein extraction was performed.
Cell lysis, protein extraction, digestion, and peptide labelling with TMT6plex
Cell pellets were lysed in SDS-lysis buffer pH 7.6 (4% (w/v) SDS, 25 mM HEPES and 1 mM dithiothreitol (DTT) (Sigma Aldrich)). Lysates were heated to 95 C for 5 min and samples were sonicated with a sonicator probe to shear DNA. Samples were centrifuged at 14,000 g to remove cell debris, the supernatant was collected and protein concentration in the supernatant estimated using the Bio-Rad DC-protein assay (Bio-Rad Laboratories, Hercules, CA). From each sample, 250 mg of total protein were taken and processed according to the FASP (Filter aided sample preparation protocol (Wisniewski et al., 2009) . Peptide concentration was estimated by the DC-protein assay (BioRad), and 100 mg of peptides from each sample were labelled with TMT6plex (Thermo Fisher Scientific) according to the manufacturer's instructions.
HiRIEF (high resolution isoelectric focusing) separation
After pooling the samples that belong together in each TMT set, each TMT set was cleaned by strong cation exchange solid phase extraction (SCX-SPE, Phenomenex Strata-X-C, P/N 8B-S029-TAK). After drying in a SpeedVac, the equivalent to 400 mg of peptides of each sample were dissolved in 250 mL of 8 M urea, 1% pharmalyte (broad range pH 3-10, GE Healthcare, P/N 17-0456-01), and this solution was used to rehydrate the IPG drystrip (pH 3-10, 24 cm, GE Healthcare, P/N 17-6002-44) overnight. Focusing was done on an Ettan IPGphor 3 system (GE Healthcare) ramping up the voltage to 500 V in one hour, then to 2000 V in two more hours, and finally to 8000 V in six more hours, after which voltage was held at 8000 V for additional 20 h or until 150 kVh were reached. After focusing was complete, a well-former with 72 wells was applied onto each strip, and liquid-handling robotics (GE Healthcare prototype adapted from a Gilson 215 liquid handler), using three rounds of different solvents (i. milliQ water, ii. 35% acetonitrile, and iii. 35% acetonitrile, 0.1% formic acid), added 50 mL of solvent to each well and transferred the 72 fractions into a microtiter plate (96 wells, PP, V-bottom, Greiner P/N 651201), which was then dried in a SpeedVac.
LC-MS analysis
Prior to each LC-MS run, the LC auto sampler (HPLC 1200 system, Agilent Technologies) dispensed 8 mL of solvent A to the dry HiRIEF fraction (in its microtitre plate well), mixed by aspirating/dispensing 6 mL ten times, and injected 3 mL into a C18 guard desalting column (Zorbax 300SB-C18, 5x0.3mm, 5mm bead size, Agilent Technologies). We then used a 15-cm long C18 picofrit column (100 mm internal diameter, 5 mm bead size, Nikkyo Technos, Tokyo, Japan) installed onto the nano electrospray ionisation (NSI) source. Solvent A was 97% water, 3% acetonitrile (ACN), 0.1% formic acid (FA); and solvent B was 5% water, 95% ACN, 0.1% FA. At a constant flow of 0.4 mL/min, the curved gradient went from 2% B up to 40% B in 45 min, followed by a steep increase to 100% B in 5min, wash for 5 min at 100% B and re-equilibration. Online LC-MS was performed using a hybrid Q-Exactive mass spectrometer (Thermo Scientific). FTMS master scans with 70,000 resolution (and mass range 300-1700 m/z) were followed by datadependent MS/MS (35,000 resolution) on the top 5 ions using higher energy collision dissociation (HCD) at 30% normalized collision energy. Precursors were isolated with a 2 m/z window. Automatic gain control (AGC) targets were 1e6 for MS1 and 1e5 for MS2. Maximum injection times were 100 ms for MS1 and 150ms for MS2. The entire duty cycle lasted 1.5 s. Dynamic exclusion was used with 60 s duration. Precursors with unassigned charge state or charge state 1 were excluded. An underfill ratio of 1% was used.
Proteomics database search
All MS/MS spectra were searched by Sequest/Percolator under the software platform Proteome Discoverer (PD 1.3, Thermo Scientific) using a target-decoy strategy. Reference databases of the theoretical proteomes from Neptuniibacter caesariensis strain MED92, Phaeobacter sp. strain MED193 and Dokdonia donghaensis strain MED134 were downloaded from uniprot.org on 2012/10/11. Precursor mass tolerance of 10 ppm and product mass tolerance of 0.02 Da were used. Additional settings were trypsin with one missed cleavage; Lys-Pro and Arg-Pro not considered as cleavage sites; carbamidomethylation on cysteine and TMT-6plex on lysine and Nterminus as fixed modifications; and oxidation of methionine as variable modification. Quantitation of TMT-6plex reporter ions was done using an integration window tolerance of 20 ppm. A 1% FDR (false discovery rate) at peptide level was required to obtain the final list of identified peptides for each of the three bacterial datasets. Each peptide list was then used by the protein grouping algorithm in PD to infer protein identities. In addition to this criterion, proteins identified by a single peptide were filtered out from the material. Protein level FDR of the resulting protein lists was estimated using the 'picked' protein FDR approach (Savitski et al., 2015) .
Proteomics data files, including raw files, PD search files (msf), psm tables (txt), peptide tables (txt), protein tables (txt) and pep.xml and prot.xml files have been deposited to the PRIDE/ProteomeXchange database under the accession number PXD003706.
Statistical analysis of up and down regulation
The protein table exported from PD contains protein ratios (proteins with missing ratios were discarded), which were logged (base 2) in excel, before performing statistical analysis by SAM (Significance Analysis of Microarrays) (http://statweb. stanford.edu/~tibs/SAM/). Response type used was 'Two class unpaired', analysis type was standard, t-statistic was used, arrays were not median centred (since PD already carries out a normalisation to protein median on the protein table), and the number of permutations was 720 (maximum for 3 VS 3 values). An FDR of 5% was used as significance threshold for up and down regulation.
Relative abundances were calculated by multiplying the normalized area of a protein -in turn calculated by dividing the MS1 area value of each protein as given in Proteome Discoverer by the sum of areas of all proteins in the dataset -with the ratio of each channel to the total of channel readings for that protein.
Annotation
Detected protein sequences were aligned to the M5NR database (Wilke et al., 2012) using BLAST (Altschul et al., 1997) and sequences with hits with bitscores >50 annotated using in-house developed scripts. The BioCyc maps were created by manually selecting proteins matching MetaCyc (Caspi et al., 2015) reactions from the list of detected proteins, and using the Omics paint tool (Karp et al., 2015) . In cases where more than one protein matched the enzyme in MetaCyc, a conservative choice was made by selecting a non-significant before a significant protein, a better annotated (i.e. with a meaningful, non-contradictory, annotation in SEED and by the protein name) and a more abundant protein over a less abundant. The TCDB (Saier et al., 2014) annotation was created manually (Akram, 2013) .
Supporting information
Additional Supporting Information may be found in the online version of this article at the publisher's website: Table S1 . Detected peptides in the three isolates. Table S2 . Identified proteins in the three isolates. Table S3 . Individual protein abundances in the three isolates. Identified proteins with estimated fold change (FC and log2FC columns), false discovery rate (localfdr), readings per sample (exp1-3 for exponential phase; stat1-3 for stationary phase) and approximate relative abundances (f_exp1-f_stat3). Green shades in the log2FC column indicate higher abundance in stationary phase, yellow shades indicate lower; the stronger the color, the larger the difference between growth phases. False discovery rates less than 5% are indicated with green color, above with red. The SEED classification often places the same protein in more than one subsystem. Due to this, several proteins are duplicated in the table and summaries of frequencies over all rows will be higher than one. All statistics were, however, calculated on unique proteins before SEED information was added. Table S4 . Top SEED category summaries. Approximate (order of magnitude precision) relative abundances of proteins summed over top categories of the SEED classification. Proteins classified in more than one category were counted in all categories. The calculation of relative abundances counted each protein only once. Log2 fold changes (log2fc) calculated as the ratio between means in stationary phase divided by means in exponential phase. Counts and abundances of the three protein groups, increasing ('Up'), stable and decreasing ('Down') in the three isolates. Several proteins contribute to more than one top level SEED category, but care was taken to count each protein only once per category. Table S5 . Relative protein abundances summed over second level SEED categories. Approximate (order of magnitude precision) relative abundances of proteins summed over second level categories of the SEED classification. Proteins classified in more than one category were counted in all categories. The calculation of relative abundances counted each protein only once. Log2 fold changes (log2fc) calculated as the ratio between means in stationary phase divided by means in exponential phase. Several proteins contribute to more than one second level SEED category, but care was taken to count each protein only once per category. Table S6 . Relative protein abundances summed over third level SEED categories. Approximate (order of magnitude precision) relative abundances of proteins summed over third level categories of the SEED classification. Proteins classified in more than one category were counted in all categories. The calculation of relative abundances counted each protein only once. Log2 fold changes (log2fc) calculated as the ratio between means in stationary phase divided by means in exponential phase. Several proteins contribute to more than one third level SEED category, but care was taken to count each protein only once per category. Table S7 . Summary of transporter classes. Number of detected and differentially abundant protein in the three strains per TCDB transporter class. Table S8 . Summary of transporter subclasses. Number of detected and differentially abundant protein in the three strains per TCDB transporter subclass. Table S9 . Summary of transporter families. Number of detected and differentially abundant protein in the three strains per TCDB transporter family. Table S10 . TCDB classifications in the tree isolates. The trsphierarchy field describes each protein's place in the TCDB hierarchy. See the TCDB website for explanations (http://www.tcdb.org/superfamily.php). All the other fields, except trsph0n, trsph1n and trsph2n, were taken from the corresponding sheet in Supporting Information Table S3 . Transporters encoded by a genome but not detected are present but with 'NA' in the proteomics columns.
